Light and Electron Microscopic Evaluation of Hydrogen
Ion-Induced Brain Necrosis *c. K. Petito, tR. P. Kraig, and tWo A. Pulsinelli *Departments of Pathology-Neuropathology and tNeurology. New York Hospital-Cornell University Medical College Summary: Excessive accumulation of hydrogen ions in the brain may play a pivotal role in initiating the necrosis seen in infarction and following hyperglycemic augmen tation of ischemic brain damage. To examine possible mechanisms involved in hydrogen ion-induced necrosis, sequential structural changes in rat brain were examined following intracortical injection of sodium lactate solu tion (pH 4.5), as compared with injections at pH 7.3. Fol lowing pH 7. 3 injection, neuronal swelling developed be tween 1 and 6 h, but only a needle track wound sur rounded by a thin rim of necrotic neurons and vacuolated neuropil was present 24 h after injection. In contrast, pH 4.5 injection produced neuronal necrosis as soon as I h Excessive accumulation of hydrogen ions in brain may play a pivotal role in initiating the ne crosis seen in infarction or following hyperglycemic augmentation of ischemic brain damage in experi mental animals (Myers and Yamaguchi, 1977; Myers, 1979; Ginsberg et aI. , 1980; Welsh et aI. , 1980; Kalimo et aI. , 1981; Rehncrona et aI. , 1981; Pulsinelli et aI. , 1982; Siesjo, 1985; Kraig et aI. , 1986; Smith et aI. , 1986) . Similarly, elevated blood glucose may worsen stroke outcome in man (Pul sinelli et aI. , 1983) . Furthermore, hydrogen ions are directly neurotoxic in vivo and in vitro. Intracor tical injections of hydrogen ions produced brain ne crosis when a specific pH threshold had been reached (Pulsinelli and Petito, 1982; Kraig et aI. , 1987) . A pH-dependent threshold of necrosis also occurs in cultured astrocytes (Norenberg et aI. , 1987) as well as dissociated brain cells and explants after injection, followed by necrosis of astrocytes and in travascular thrombi at 3 and 6 h. Alterations common to both groups included vascular permeability to horse radish peroxidase, dilation of extracellular spaces, astro cyte swelling, capillary compression, and vascular stasis. These data suggest that neurons, astrocytes, and endo thelia can be directly damaged by increased acid in the interstitial space. Lethal injury initially appeared to affect neurons, while subsequent astrocyte necrosis and vas cular occlusion may damage tissue by secondary isch emia. Key Words: Astrocytes-Intracortical injection Ischemia-Lactic acid-N eurons-Ultrastructure.
exposed to graded concentrations of lactic acid (Goldman et aI. , 1987) .
The mechanisms underlying hydrogen ion-in duced brain necrosis are unknown. Low tissue pH may denature proteins and nucleic acids (Kalimo et aI. , 1981) , although this may not occur at levels reached in ischemia (Kraig and Wagner, 1987) . As trocyte necrosis (Plum, 1983) , caused by cellular acidosis and concomitant failure of plasma mem brane transport systems (Kraig et aI. , 1987) or iron dependent, free radical formation (Pulsinelli et aI. , 1985) may be alternative explanations.
This present study investigated mechanisms in volved in hydrogen-ion induced changes in rat brain by examining structural brain changes fol lowing intracortical injection of sodium lactate so lution at pH 4. 5. Data showed the injection pro duced a maximal decrease in interstitial pH of 5.16 ± O. 14 (Kraig et aI. , 1987) , similar to that reached in hyperglycemic ischemia (Kraig et aI. , 1985) . These results were then compared with intracor tical injections of sodium lactate at pH 7. 3. Prior studies have indicated that cortical necrosis occurs 24 h after a pH 4. 5 injection, whereas the pH 7. 3 injection only produces damage indistinguishable from a needle tract wound alone (Pulsinelli and Pe tito, 1982; Kraig et aI., 1987) .
MATERIALS AND METHODS
Adult male Wi star rats, 225-250 g, were anesthetized with halothane and placed into a stereotaxic head mount. A midline skin incision was made over the cranium, the soft tissues removed, and two small burr holes made through the parasagittal calvaria with a dental drill. A tail artery cannula was placed for continuous measurement of systemic blood pressure and intermittent sampling of arterial blood gases and pH levels. A rectal temperature probe was placed, and body temperature was maintained at 37°C during and after surgery as needed. Ten micro liters of 150 mM sodium lactate solution, pH 4.5 or pH 7.3, was continuously injected at 0.5 /-LI/min for 20 min first into the left and then into the right parietal cortex with a fused silica injection needle (170 /-Lm diameter; Su pelco, Inc., #2 1361) connected to a microinfusion pump (Raze I A-99, Stamford, CT, U.S.A.). Following the in jection into the right parietal cortex, the needle was with drawn, the skin defect closed with a metal clip, and the animal allowed to recover from anesthesia.
Animals in both groups were allowed to survive I, 3, and 6 h following intracortical injections, and the animals injected with pH 7.3 solution were also examined at 24 h. Twenty minutes prior to death, the animals were injected intramuscularly with 0.5 mg/IOO g diphenhydramine hy drochloride (Cotran and Karnovsky, 1967; Deimann et al., 1976) . Five minutes prior to death, animals received 100 mg horseradish peroxidase (Sigma Chemical Co., St. Louis, MO. Type II) dissolved in I ml of 2% Evans blue via a tail artery cannula. At the time of death, the animal was deeply anesthetized with 1.6 gm/kg intraperitoneal urethane. Following a thoracotomy, 0.1 ml of heparin (10,000 U/m!), was injected into the left ventricle of the heart, and the animal was perfusion-fixed with 0.1 M so dium cacodylate buffer, pH 7.4, for 30 s, followed by 2% paraformaldehyde-2.5% glutaraldehyde in 0.1 M caco dylate buffer, pH 7.4, for 15 min.
The animals were decapitated, and the brains removed after 2 h or overnight and placed in cacodylate buffer. A l-cm coronal section surrounding the needle track was cut, serially sectioned at 40 /-L with a vibratome, and incu bated with 3,3'diaminobenzidine for peroxidase activity (Graham and Karnovsky, 1966) . A representative 40-/-L section was lightly stained with hematoxylin alone, or with eosin, and mounted on a glass slide for LM. The area surrounding the needle track was dissected from other 40-/-L sections, post-fixed in 1% osmium tetroxide, dehydrated through graded alcohols, and embedded in Epon. One-micron thick sections were cut and stained with Toluidine Blue. Appropriate areas were selected for ultrathin sections, stained with lead citrate and uranyl ac etate, and examined with a JEOL 100S electron micro scope (JEOL Co., Tokoyo, Japan).
Although 4 hemispheres were examined per time pe riod per pH, technical difficulties in horseradish peroxi dase injection or tissue preparation resulted in smaller numbers for the evaluation of area of extravasated horse radish peroxidase on the 40-/-L sections.
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RESULTS
Blood physiologic variables (means ± SEM) were similar for all animals and were also similar to other nonoperated, spontaneously-ventilating, halothane-anesthetized animals (Kraig et aI., 1987) . Variables included arterial pH of 7.30 ± 0.01, Pao2 of 102 ± 3 mm Hg; Paco2 of 68 ± 1 (mm Hg), arte rial glucose of 8.0 ± 0.3 mM, hematocrit of 42 ± 0%, systolic blood pressure of 102 ± 2 mm Hg, and body temperature of 37 ± O°C. The brain changes were grouped according to their distance from the central needle track defect since previous studies (Kraig et aI., 1987) showed that injection at pH 4.5 produced a maximal de crease in interstitial pH to 5.16 ± 0.14. Following 24-h survival the frozen sections of brain showed an area of necrosis measuring from 0.3 to 0.4 mm in diameter. In contrast, injection at pH 7.3 resulted in no change in interstitial pH and only a thin rim of necrotic neurons around the needle track defect that together measured <0.1 mm in diameter. Con sequently, three regions were examined: (a) needle track defect, (b) central zone surrounding the needle tract (approximately measuring 0.1 to 0.2 mm in diameter), and (c) a peripheral zone mea suring from 0.2 to 0.4-0.5 mm around the needle tract. Regions 1 and 2 represented the area dam aged by needle tract plus injected solution, whereas Region 3 (peripheral zone) represented the addi tional area destined to become necrotic following pH 4.5 injection.
Vascular permeability fo llowing injection of pH 7.3 and pH 4.5 solutions Forty micron thick sections following both injec tions of pH 7.3 and pH 4.5 solutions showed similar horseradish peroxidase extravasation around the needle track. After injection of pH 7.3 solution, the area of horseradish peroxidase measured 0.5-0.6 mm (n = 2), 0.4-0.6 mm (n = 3), and 0.36-1.66 mm (n = 4) in diameter at 1, 3, and 6 h respectively ( Fig. lA) . It was confined to the needle track defect at 24 h and measured 0.14-0.2 mm (n = 2) in diam eter (Fig. IB) . After injection of pH 4.5 solution, the area of extravasated horseradish peroxidase measured 0.2-0.66 mm, 0.44-0.7 mm (n = 3), and 0.54-0.7 mm (n = 3) at 1, 3, and 6 h respectively ( Fig. IC) . One of the 1 h animals was exposed to circulating horseradish peroxidase for 1 rather than 5 min prior to death, thereby making the diameter of horseradish peroxidase extravasation smaller than expected. Figure 10 , obtained from paraffin embedded brain from a previous study (Kraig et aI., 1987) , illustrates the well-circumscribed area of FIG. 1. A: Forty micron section, 6 h after pH 7.3 injection, shows area of extravasated horseradish peroxidase measuring 0.7 cm in diameter. Neurons are surrounded by but do not stain with horseradish peroxidase. B: Forty micron section, 24 h after pH 7.3 injection, shows needle track containing horseradish peroxidase. Adjacent parenchyma is slightly vacuolated. C: Forty micron section, 3 h after pH 4.5 injection, shows area of extravasated horseradish peroxidase that surrounds the central needle track and that measures 0.66 mm in diameter. 0: Paraffin section, 24 h after pH injection (see Kraig et aI., 1987) , shows a well-circum scribed area of necrosis that surrounds central needle track (arrow). Hematoxylin-eosin; x 160.
brain necrosis seen 24 h after injection of pH 4.5 solution. Horseradish peroxidase was present in the extracellular spaces, vascular basement mem branes, and endothelial pinocytotic vesicles. Light and electron microscopic examination of the needle track (Region 1) showed marked vacuo lation of the neuropil with dilated extracellular spaces and swollen, often fragmented cells and processes. Myelin sheaths were relatively intact. Neurons were shrunken and hyperchromatic, had pyknotic nuclei, and were flooded with horseradish peroxidase at 3 and 6 h. Disaggregation of polyribo somes and dilatation of Golgi vesicles preceded or accompanied progressive electron density of the cytoplasm, cell shrinkage, and nuclear pyknosis and karyorrhexis.
Examination of Region 2 showed dilated extra cellular spaces containing horseradish peroxidase. At 1, 3, and 6 hours after injection, neurons were pale and swollen and were encircled by but not stained with extracellular horseradish peroxidase (Fig. lA) . Residual organelles, including polyribo somes, rough endoplasmic reticulum, mitochon dria, and Golgi apparatus clustered around the nu cleus ( Fig. 2A) . Mitochondria were not noticeably enlarged, although there was a mild decrease in matrix density and increase in intracristal spaces. Some neurons had disaggregated polyribosomes.
Astrocytes showed progressive cytoplasmic swelling between I and 6 h. Nuclei were enlarged and contained finely dispersed chromatin with loss of the usual thin rim of condensed chromatin at the nuclear membrane. Necrotic glial cells were not seen. At 3 and 6 h, capillaries often were filled with red blood cells or were markedly compressed and surrounded by swollen perivascular astrocyte pro cesses (Fig. 2B) .
Twenty-four hours after injection (Fig. IB) , the needle track contained RBCs, monocytes, and horseradish peroxidase. Immediately adjacent brain was vacuolated and contained shrunken ne crotic neurons, and fragmented cell processes. As trocytes showed reactive changes with mildly en larged nuclei and increased numbers of interme diate filaments. Remaining neurons appeared normal and no longer showed peripheral chromato lysis.
Polymorphonuclear leukocytes and monocytes were present in the central necrotic zone and adja cent brain at 3 and 6 h, and numerous phagocytes containing myelin debris were present at 24 h.
Needle track and central zone after pH 4.5 injection (Regions 1 & 2)
Region 1 (needle tract and adjacent brain) showed changes similar to those occurring after in jections of pH 7. 3 solution. The needle tract was surrounded by markedly vacuolated brain; necrotic neurons diffusely stained with horseradish peroxi dase; markedly dilated extracellular spaces; and swollen, fragmented cell processes.
However, Region 2, (the remaining central zone), showed changes unique to acid injection. Most neu rons were shrunken, hyperchromatic, and con tained pyknotic or fragmented nuclei. They were swollen. x 4,800. B: Capillary lumen 3 h after pH 7.3 injection, is markedly narrowed to a slit-like lumen and is surrounded by markedly swollen astrocyte processes. x 7,000.
surrounded by swollen astrocyte processes and were frequently flooded with horseradish peroxi dase (Fig. 1C ). Number and degree of shrinkage in creased with post-injection survival. The earliest ultrastructural changes in these neurons was a mild increase in electron density due to shrinkage of the cell body and nucleus, disaggregation of polyribo somes and contracted mitochondria with increased matrix density, and dilated intracristal spaces (Fig.  3A) . This was followed by a loss of Golgi apparatus cisterns, progressive dilatation of Golgi apparatus vesicles and increased shrinkage, chromatin clumping, and nuclear fragmentation.
A second type of neuronal necrosis was charac terized by focal cytoplasmic lucency with loss of organelles and fragmentation of adjacent plasma membrane (Fig. 3B) . These changes tended to be seen first at the dentritic hillock and to be asso ciated with loss of dentritic neurotubules. Progres sive involvement of the neuronal cell body led to neuronal necrosis characterized by fragmented cy-toplasmic and nuclear membranes and clumped chromatin. This change was present in the central zone at 1 and 3 h, and in the more peripheral re gions at 6 h after injection.
Many astrocytes had enlarged nuclei and dilated cytoplasm containing contracted mitochondria changes similar to those occurring following pH 7.3 injection. In addition, Region 2 contained necrotic astrocytes at 3 and 6 h that were identified by coarse chromatin clumps (Jenkins et aI., 1979; Ka limo et al., 1977) and focal cytoplasmic staining by horseradish peroxidase. These changes appeared to follow cytoplasmic swelling and nuclear enlarge ment.
Capillaries were usually patent at 1 h after injec tion; but at 3 and 6 h, they were often filled with red blood cells or had markedly compressed lumens and were surrounded by massively dilated astro cyte processes (Fig. 4A) . The endothelium con tained variable numbers of horseradish peroxidase filled vesicles. In contrast to the injection of pH 7.3 solution, focal endothelial defects were seen at 1,3, and 6 h and included endothelial vacuoles and mi crovillus formation, focal areas of endothelium flooded with horseradish peroxidase, and endothe lial defects with exposure of the underlying base ment membrane. Occasionally, platelet thrombi were present in the peripheral zone at 6 h after in jection.
Peripheral zone after injections
Astrocyte swelling and nuclear enlargement, red blood cell stasis, and capillary compression with in dentation by swollen astrocyte processes were found after both injection with pH 4.5 and pH 7. 3 solutions. However, the severity of astrocyte swelling and capillary compression was greatest in the animals injected with pH 4.5 solution and, in this group, was more pronounced at 3 and 6 h than at 1 h. Swollen astrocyte nuclei containing coarse chromatin clumps indicative of cell necrosis, were seen at 3 and 6 h after pH 4.5 injection (Fig. 4B ) but were rare following pH 7. 3 injection. White blood J Cereb Blood Flow Metab, Vol. 7, No.5, 1987 cells and/or platelets were adherent to or occluded occasional venules and capillaries at 3 and 6 h after pH 4.5 injection. However, white blood cells and/or platelets were not observed following pH 7. 3 injec tion. Neurons in both groups appeared normal on both light and electron microscopy at 1, 3, and 6 h. Occasionally, mildly enlarged proximal dendrites were observed.
DISCUSSION
This study shows that excessive acidosis pro duces early morphological changes in brain that can be distinguished from traumatic injury caused by an intracortical injection of fluid at physiological pH and molality. Specific alterations in neurons, astro cytes, and blood vessels precede the develop ment of cortical necrosis from a lethal injection at pH 4.5.
Fluid injection produces morphologic alterations that are especially prominent during the early post-injection period and must be distinguished from those due to acid injury itself. Needle injury alone produces a linear zone of cortical necrosis, <0.1 mm in diameter, focal hemorrhage within the needle track defect and overlying subarachnoid space, and a thin rim of necrotic neurons adjacent to the needle tract (Pulsinelli and Petito, 1982) . Mi crovessels in the subarachnoid space may be con stricted and contain platelet aggregates (Rosenblum and EI-Sabban, 1978) . Although the additional in sult of 10 I.Ll of fluid at physiological pH and mola lity is indistinguishable from a needle track defect at 24 h (Kraig et aI., 1987) , this study demonstrates that neurons, glia, and blood vessels undergo se vere alterations during the early post-injection pe riod. Abnormal blood-brain barrier (BBB) perme ability, capillary compression, marked dilation of the extracellular spaces, and swelling of both astro cytes and neurons occur during the initial 6 h. However, by 24 h, the BBB abnormalities were confined to the needle tract defect; cytoplasmic swelling of neurons and astrocytes was absent, and a narrow band of necrotic neuropil around the needle defect was undergoing organization by phagocytes.
Neurons were the first cell to be irreversibly in jured by the acid injection. The ultrastructural changes that preceded the neuronal necrosis seen by 1 h after injection were similar to changes that precede neuronal death following transient isch emia (Brown and Brierley, 1972; Petito and Pulsin elli, 1984a) and included disaggregation of polyribo somes, loss of Golgi apparatus cisterns, and dilata tion of Golgi apparatus vesicles. Although the mitochondrial swelling typical of transient ischemia was not observed (Brown and Brierley, 1972) , its occurrence may have been missed since the earliest post-injection interval was 1 h, whereas mito chondrial swelling following transient ischemia can be severe but reversible within 15 min (Petito and Pulsinelli, 1984a,b) . A second type of neuronal ne crosis was noted between 3 and 6 h after injection and resembled that seen with permanent ischemia (Kalimo et aI. , 1977; Jenkins et aI. , 1979) . This neu ronal necrosis was associated with mild cyto plasmic swelling rather than with progressive shrinkage. Focal and then diffuse cytoplasmic lu cency, loss of organelles, membrane fragmentation, and chromatin clumping preceded neuronal cell death.
The mechanisms involved in the production of neuronal necrosis in this model are unclear. Severe acidosis of the interstitial fluid may initiate or con tribute to neuronal death during the first hour after injection. Vascular occlusion by extrinsic capillary compression or by intravascular thrombi during the late post-injection period (see below) may play an important role, and the ultrastructural evolution of cell death parallels that following transient or in complete ischemia.
Necrosis of astrocytes was common after the pH 4.5 injections although cytoplasmic swelling and nuclear enlargement also accompanied injection of pH 7.3 solution. Necrosis was first seen in the cen tral zone at 1 and 3 h and was present in the more peripheral zone at 6 h. Astrocytic necrosis ap peared to accompany rather than precede neuronal necrosis in the central zone. Although it was diffi cult to identify dead astrocytes in the peripheral zone, minimal nuclear swelling and minor chro matin clumping as shown in Figure 4B may have indicated early signs of cell death in regions where neurons and blood vessels appeared normal.
Astrocytes play an important role in maintaining physiological pH of brain interstitial fluid (Kimmel berg et aI., 1982; Kraig et aI., 1986) . Recent studies suggest that astrocytes selectively accumulate lactic acid following complete and hyperglycemic ischemia (Kraig et aI., 1986; Kraig and Chesler, 1987; Kraig and Nicholson, 1987) . Similar astro cytic acidification may be related to an early and a lethal injury to these cells following acid injection. Furthermore, early irreversible injury to astrocytes may play an important role in the slow recovery of interstitial pH that correlates with production of tissue necrosis (Kraig et aI., 1987) .
Delayed circulatory impairment may be another important contributory mechanism whereby exces sive acidosis produces brain necrosis in this model for several reasons. First, many of the morpholog ical changes associated with acid injection resemble those accompanying irreversible neuronal injury following transient or permanent cerebral ischemia. Second, intravascular thrombi and endothelial cell defects were only seen in pre-necrotic brain regions following pH 4.5 injection, although red blood cell stasis was observed in animals injected with pH 4.5 and 7.3 solutions. A preliminary report of lactic acid-induced myelopathy describes vascular thrombi that may be similar to those described here (Balentine et aI., 1984) . Although exposure to base ment membrane is considered a prerequisite for platelet aggregation following endothelial injury, platelet aggregation has been demonstrated in blood vessels in which endothelia are damaged but basement membrane is not exposed (Hovig et aI. , 1974; Povlishock et aI., 1983; Hermann and Voight, 1984; Rosenblum, 1986) . Endothelial cells are sen sitive to pH change and, in acidified cultures, de velop focal defects between pH 7. 4 and pH 6 and severe necrosis at lower pH levels (Fox and DiCor leto, 1984) . Last, preliminary studies show that in jection of lactate, pH 4. 5 does not alter CBF at 15 min after injection but produces a fall in regional CBF at 3 h (personal observations).
